Posttraumatic stress disorder (PTSD) is characterized by the reexperiencing of a traumatic event and is associated with slower extinction of fear responses. Impaired extinction of fearful associations to trauma-related cues may interfere with treatment response, and extinction deficits may be premorbid risk factors for the development of PTSD. We examined the effects of exposure to a severe footshock followed by situational reminders (SRs) on extinction, plasticity, and endocannabinoid (eCB) content and activity in the hippocampal CA1 area and basolateral amygdala (BLA). We also examined whether enhancing eCB signaling before extinction, using the fatty acid amide hydrolase (FAAH) inhibitor URB597, could prevent the shock/SRs-induced effects on fear response and plasticity. URB597 administered systemically (0.3 mg/kg) or locally into the CA1 or BLA (0.1 µg/side) prior to extinction decreased fear retrieval and this effect persisted throughout extinction training and did not recuperate during spontaneous recovery. A low dose of the CB1 receptor antagonist AM251 (0.3 mg/kg i.p. or 0.01 µg/0.5 µl intra-CA1 or intra-BLA) blocked these effects suggesting that the effects of URB597 were CB1 receptor-dependent. Exposure to shock and reminders induced behavioral metaplasticity with opposite effects on long-term potentiation (LTP) in the hippocampus (impairment) and the BLA (enhancement). URB597 was found to prevent the opposite shock/SR-induced metaplasticity in hippocampal and BLA-LTP. Exposure to shock and reminders might cause variation in endogenous cannabinoid levels that could affect fear-circuit function. Indeed, exposure to shock and SRs affected eCB content: increased 2-arachidonoyl-glycerol (2-AG) and N-arachidonylethanolamine (AEA) levels in the CA1, decreased serum and BLA AEA levels while shock exposure increased FAAH activity in the CA1 and BLA. FAAH inhibition before extinction abolished fear and modulated LTP in the hippocampus and amygdala, brain regions pertinent to emotional memory. The findings suggest that targeting the eCB system before extinction may be beneficial in fear memory attenuation and these effects may involve metaplasticity in the CA1 and BLA.
INTRODUCTION
Impaired ability to extinguish fearful associations to traumarelated cues may interfere with treatment response and be a premorbid risk factor for the development of posttraumatic stress disorder (PTSD) [1] .
The endocannabinoid (eCB) system plays a key role in the modulation of cognitive and emotional responses and it has been suggested as a therapeutic target for the treatment of severe stress associated with PTSD [2] [3] [4] [5] . The eCB system consists of cannabinoid receptors (CB1r and CB2r) and the eCBs Narachidonylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG). It also includes eCB synthesis and degradation enzymes, fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) for AEA and 2-AG, respectively.
The amygdala and hippocampus are brain regions involved in fear and memory and are highly implicated in PTSD. We have recently shown that exposure to the shock and reminders model of PTSD had opposing effects on hippocampal-and amygdaladependent processes: hippocampal plasticity and spatial memory were impaired, whereas amygdala plasticity and conditioned taste aversion enhanced [6] . These opposing effects were prevented by administering the CB1/2 receptor agonist WIN55-212,2 (0.5 mg/kg, i.p.) and the fatty acid amide hydrolase (FAAH) inhibitor URB597 (0.3 mg/kg, i.p.) 2 h after shock exposure [6] . We found that cannabinoids administered in the aftermath of trauma can prevent the development of PTSD-like behaviors [2, 7] .
However, cannabinoids administered in the aftermath of trauma exposure have a limited translational value. First, we cannot predict who will develop PTSD and intervention in the aftermath of trauma is given to all traumatized individuals. Second, many individuals may miss the opportunity to be treated in the first hours after the trauma. Hence in the current study, we aimed to examine whether administrating URB597 before extinction will attenuate fear and facilitate extinction in the BLA and CA1. We used URB597 as it was shown to have antianxiety and antidepressant-like effects in different models [6, 8, 9] . URB597 (0.3 mg/kg) prevents AEA inactivation by targeting the intracellular enzymatic activity of FAAH (inhibits FAAH activity with an ID50 value of 0.15 mg kg after systemic administration in the rat [10] ). Moreover, URB597 was found to trigger active coping behavior [11] , and to prevent the effects of exposure to shock and reminders in a rat model of PTSD on depressive-and anxiety-like behaviors [6, 12] . Intra-BLA URB597 facilitated extinction and attenuated startle response following shock and reminders [13] , and decreased anxiety under conditions of low emotional arousal [14] . It has been suggested that this indirect agonist has the advantage that it is more selective than direct agonists, only elevating eCB signaling where it is active and it is more likely that it will be the preferred approach to elevate CB1r activity pharmacologically in humans, given the adverse effects of direct agonists [15] .
The reactivation of previously consolidated memories may trigger a process of destabilization and lability of the memory trace termed reconsolidation [16] . URB597-induced changes in fear retrieval may occur either via reconsolidation inhibition or extinction facilitation. To differentiate between the two processes, we chose to administer the drugs with or without specific pairing with reactivation of the memory trace; URB597 was administered 5 min (paired) or 24 h (unpaired) after exposure to a reminder of the shock. Drugs were paired with exposure to the second reminder as this may be more relevant to humans, being exposed to reminders of the trauma (and usually not for the first time) when being treated pharmacologically.
Our second aim was to examine whether URB597 will modulate metaplastic effects in the BLA and CA1 induced by exposure to shock and reminders. Metaplasticity describes the way in which synaptic plasticity is regulated by prior synaptic activity [17] . Exposure to stress was suggested to induce behavioral metaplasticity [18] similar to that observed after amygdala priming [19, 20] . Behavioral metaplasticity involves altered plasticity at the level of the neural systems following exposure to stress. We have shown that exposure to shock and reminders induced metaplasticity in the CA1 and BLA [6] .
Exposure to shock and reminders might cause variation in endogenous cannabinoid levels that could affect fear-circuit function. Hence, we examined whether exposure to shock and reminders will trigger alteration in the endogenous system in the BLA and CA1 that could affect BLA-CA1 function to promote an enhanced fear response.
METHODS AND MATERIALS

Subjects
Male Sprague-Dawley rats (60 days old,~250 g; Harlan, Jerusalem, Israel) were grouped housed at 22 ± 2°C under 12-h light/dark cycles (lights turned on at 07:00). Rats were allowed water and laboratory rodent chow ad libitum. All experiments were approved by the University of Haifa Ethics and Animal Care Committee, and adequate measures were taken to minimize pain or discomfort.
Drug treatment URB597 (URB; 0.3 mg/kg i.p.; 0.1 µg/0.5 µl) and AM251 (0.3 mg/kg, 3 mg/kg i.p.; 0.01 µg/0.5 µl) (Cayman Chemicals) were dissolved in 1% dimethylsulfoxide (DMSO), 1% Tween-80, and 98% saline. Controls were given the vehicle (Veh) only. Drug doses were based on previous reports [6, 21, 22] .
Shock, situational reminders (SRs), and extinction Rats were placed in an inhibitory avoidance apparatus (for details see [7] ).
Shock (conditioning). Each rat was placed in the light compartment. Thirty seconds after the rat entered the dark compartment, the door closed and the rat received an inescapable 1.5 mA shock for 10 s.
Situational reminders. Rats were placed in the light compartment for 1 min with the gate closed in order to prevent them from entering the shock compartment (to avoid extinction).
Fear retrieval and extinction. Rats were submitted to a nonreinforced test trial every 24 h for 3 days starting on day 5. Each rat was placed in the light side of the box, and the time elapsed until it crossed over to the dark side (i.e., latency) was measured. The first extinction trial is also indicative of fear retrieval (Ret/Ext1).
Electrophysiology
The methods for electrophysiology are essentially as described in Ref. [6] . Briefly, in anesthetized rats, a recording microelectrode was inserted into the CA1 or BLA and a bipolar, 125 μm stimulating electrode was placed in the schaffer collateral (SC) region or the ventral subiculum (vSub), respectively (see coordinates below).
Evoked field potentials (EFPs) were digitized (10 kHz) and analyzed using Cambridge Electronic Design (CED, Cambridge, UK). Test stimuli (monopolar pulses, 100 μs duration) were delivered at 0.1 Hz. Long-term potentiation (LTP) was induced by high-frequency stimulation (HFS) (3 sets of 10 trains; each train consisting of 10 pulses at 200 Hz; intertrain interval, 200 ms; interset interval, 1 min) to the SC or vSub.
Cannulation and drug microinjection Anesthetized rats were implanted bilaterally with a stainless steel guide cannula aimed at the dorsal CA1 or the BLA (see [13] ).
For microinjection, a volume of 0.5 μl per side was microinjected bilaterally over a period of 1 min. using a microinfusion pump (CMA/100; Carnegie Medicine, Stockholm, Sweden).
Biochemical analysis of eCB content Rats were decapitated 100 min or 24 h after exposure to the second SR. CA1 and BLA were subjected to a lipid extraction process as described previously [23] .
ECBs were measured using isotope-dilution; deuterated analogs of AEA and 2-AG ([ 2 , samples were resuspended in 500 μl of methanol and dried again under N 2 gas. Final lipid extracts were suspended in 30 μl of methanol and stored at −80°C until analysis. The contents of AEA and 2-AG were determined in the lipid extracts using liquid chromatography-mass spectrometry-mass spectroscopy (LC/MS/ MS) as described previously [24] .
Activities of FAAH and MAGL were determined at a single concentration of substrate as described previously [25] . Membranes and cytosol were both harvested from homogenates of the tissues; FAAH activity was determined in the membrane fraction while MAGL activity was determined in the cytosolic fraction, in the presence of the FAAH inhibitor URB597 (1 µM) to block any residual FAAH activity in this fraction. Activity was normalized to protein concentrations measured in the same sample.
Statistical analysis
The results are expressed as means ± SEM. Analysis of variance (ANOVA) was used as indicated. All post hoc comparisons were made using Tukey's range test. Significance was determined as p < 0.05.
RESULTS
Experiment 1: the effects of URB597 administered systemically before extinction on fear We examined the effects of systemically enhancing and blocking the eCB system of rats exposed to shock and reminders on extinction. Drugs were administered immediately following exposure to the second SR (SR2; see Fig. 1a for study design) or 24 h after SR2 (see Fig. 1c for study design). We used a low dose of the CB1r antagonist AM251 (0.3 mg/kg) to block CB1r as previous results have demonstrated that a low dose of this antagonist had no effect on behavior by itself, but it prevented the therapeutic effects of the cannabinoid agonists [6, 13] . Hence, AM251 and URB597 were administered concurrently in order to examine the involvement of CB1rs in the effects of the FAAH inhibitor on fear retrieval and extinction.
When drugs were injected immediately after SR2, a two-way ANOVA with repeated measures [(treatment × extinction (5 × 5)] on the latency to enter the dark side revealed significant effects of treatment (F (4,30) = 16.892 , p < 0.001), extinction (F (2,60) = 17.300 , p < 0.001), and interaction (F (8,60) = 2.169 , p < 0.05) (Fig. 1b) . Post hoc tests revealed significant differences between the No Shock-SR Veh and Shock-SR URB groups to the other groups on fear retrieval (Ret/Ext1) and Ext2 (p < 0.05). The No Shock-SR Veh group was different from the Shock-SR Veh group on Ext3 and Spon. Recov. (p < 0.05). These findings suggest that URB decreased fear retrieval and this effect persisted throughout extinction training (Ext2 and Ext3), and remained minimal during the spontaneous recovery test. The effects of URB were CB1r-dependent since coadministration of AM251 and URB resulted in a significantly greater latency to enter the dark side than treatment with URB alone on all extinction days. The latency in the Shock-SR AM251 group was not different from the Shock-SR Veh group.
A similar effect was observed when the drugs were administered 24 h after SR2. A two-way ANOVA with repeated measures (3 × 5) on latency revealed significant effects of treatment (F (2, 19) = 25.565, p < 0.001), extinction (F (2,38) = 55.987, p < 0.001) and interaction (F (4,38) = 4.856, p < 0.01) (Fig. 1d) . Post hoc tests revealed significant differences between the Shock-SR Veh group and the two other groups on Ret/Ext1, Ext2, Ext3, and Spon. Recov. (p < 0.05). Hence, URB decreased fear retrieval and this effect persisted throughout extinction training and did not recuperate during spontaneous recovery. This suggests that administering URB prior to extinction abolished the fear response, even when drug administration was not paired with exposure to the reminder.
As a control experiment we added two groups: (1) injected with vehicle or URB i.p. after SR2 and tested for fear retrieval after 24 h, or (2) exposed to SR2 on day 5, injected i.p. on day 6 and tested for fear retrieval on day 7, 48 h after SR2 (see Fig. S1A for study design).
A two-way ANOVA with repeated measures (3 × 4) on latency revealed significant effects of extinction (F (2,36) = 33.280, p < 0.001), but not of treatment or interaction (Fig. S1B ). However, it seems that the Shock-SR URB 24 h group showed decreased latency on Ext2 compared to the two other groups (one way ANOVA: F (2,20) = 3.261, p = 0.05). This suggests that when URB was administered after SR2 and fear retrieval was assessed 24 h later, there was a significant facilitation in extinction with no effect on fear retrieval. When URB was administered 24 h after SR2 and fear retrieval assessed 24 h later (the 48 h group), no effect of URB was observed on fear retrieval or extinction. The findings suggest that URB administered after reminder exposure or prior to fear retrieval facilitate extinction.
Experiment 2: the effects of URB597 microinjected into the hippocampus and amygdala before extinction on fear We examined the effects of locally microinjecting URB597 and AM251 in the CA1 and BLA of rats exposed to shock and reminders on extinction (see Fig. 2a for study design).
When drugs were microinjected into the CA1 immediately after SR2, a two-way ANOVA with repeated measures (5 × 3) on latency Fig. 1 URB597 administered systemically before extinction attenuated fear. a A diagram illustrating the experimental design. Rats were exposed to shock (1.5 mA, 10 s) or not on day 1 and to a situational reminder (SR) on days 3 and 5. One hour after SR on day 5, rats were taken for fear retrieval/first extinction trial (Ret/Ext1). Drugs were i.p. injected 5 min after SR exposure. Additional extinction trials were carried out on days 6 and 7 (Ext2, Ext3). After 72 h another extinction trial was carried out to assess spontaneous recovery (Spon. Recov.). b The Shock-SR Veh, Shock-SR AM and Shock-SR URB + AM groups demonstrated increased latency to enter the dark side on Ret/Ext1 and Ext2 compared to the No Shock-SR Veh and Shock-SR URB groups. Also, the Shock-SR Veh group showed increased latency on Ext3 and Spon. Recov. compared to the No Shock-SR Veh group ( * p < 0.05). c A diagram illustrating the experimental design. Rats were exposed to shock (1.5 mA, 10 s) or not on day 1 and to a situational reminder (SR) on days 3 and 5. Twenty-four hours after SR2, rats were i.p. injected with the drugs and taken for fear retrieval/first extinction trial (Ret/Ext1). Additional extinction trials were carried out on days 7 and 8 (Ext2, Ext3). After 72 h another extinction trial was carried out to assess spontaneous recovery (Spon. Recov.). d The Shock-SR Veh group demonstrated increased latency to enter the dark side on Ret/Ext1, Ext2, Ext3, and Spon. Recov. compared to the Shock-SR URB d5 (drugs administered immediately after SR2) and the Shock-SR URB d6 (drugs administered 24 h after SR2) groups ( * p < 0.05) revealed significant effects of treatment (F (3,36) = 17.351, p < 0.001), extinction (F (2,90) = 62.77, p < 0.001) and interaction (F (6,72) = 5.09, p < 0.001) (Fig. 2b) . Post hoc tests revealed significant differences between the Shock-SR Veh and Shock-SR URB groups on all extinction days (p < 0.5). This effect was CB1r-dependent, as co-administration of AM251 and URB resulted in a significantly greater latency than treatment with URB alone on all extinction days (p < 0.05). Latency in the Shock-SR AM251 group was not different from the Shock-SR Veh group. A very similar and even more profound effect of URB597 was seen when it was injected into the BLA immediately after SR2 (Fig. 2c) . Two-way ANOVA with repeated measures (5 × 3) on latency revealed significant effects of treatment (F (4,42) = 22.46, p < 0.001), extinction (F (2,84) = 28.989, p < 0.001), and interaction (F (8,84) = 3.544, p < 0.001). Post hoc tests revealed significant differences in latency during Ret/Ext1 and Ext2 between the Shock-SR URB group and both the Shock-SR Veh and Shock-SR URB + AM251 groups (p < 0.05). The results suggest that intra-BLA URB abolished fear retrieval and that this effect on fear retrieval is CB1 receptor dependent.
Representative schematic drawing of cannula tip positions are shown for the CA1 (Fig. 2d) and BLA (Fig. 2e) .
Similar effects were observed when drugs were microinjected 24 h after SR2 (see Fig. S2A for study design). In the CA1, a twoway ANOVA with repeated measures (3 × 4) on latency revealed significant effects of treatment (F (2,18) = 21.932, p < 0.001), extinction (F (2,36) = 15.943, p < 0.001) and interaction (F (4,36) = 5.177, p < 0.01) (Fig. S2B) . Post hoc tests revealed a significant increase in latency in the Shock-SR Veh group compared to the other groups on Ret/Ext1, Ext2, and Ext3 (p < 0.05). Hence, URB administered into the CA1 prior to extinction, immediately or 24 h after SR2, attenuated fear.
In the BLA, a two-way ANOVA with repeated measures (3 × 4) on latency revealed significant effects for treatment (F (2,17) = 20.961, p < 0.001), extinction (F (2,36) = 5.749, p < 0.05), and interaction (F (4,36) = 2.994, p < 0.001) (Fig. S2C) . Post hoc tests revealed significant differences between the Shock-SR Veh and the other groups on Ret/Ext1 and Ext2 (p < 0.05). As shown in the CA1, URB administered into the BLA prior to extinction, immediately or 24 h after SR2, attenuated fear. Fig. 2 URB597 microinjected into the hippocampus and amygdala before extinction attenuated fear. a A diagram illustrating the experimental design. Rats were implanted with cannulae into the CA1 or BLA and left for 1-week recovery. Rats were exposed to shock or not on day 1 and to a situational reminder (SR) on days 3 and 5. Immediately after SR exposure on day 5, rats were microinjected with the drugs into the CA1 or BLA and after 1 h taken for fear retrieval/first extinction trial. Additional extinction trials were carried out on days 6 and 7 (Ext2, Ext3). b In the CA1, the No Shock-SR Veh and Shock-SR URB groups demonstrated reduced latency to enter the dark side compared to the Shock-SR Veh, Shock-SR AM251 and Shock-SR URB + AM251 groups on Ret/Ext1 and Ext2. Further, the Shock-SR Veh and Shock-SR URB + AM251 groups demonstrated increased latency compared to the No Shock-SR Veh and Shock-SR URB groups on Ext3 ( * p < 0.05). c In the BLA, the No Shock-SR Veh and Shock-SR URB groups demonstrated reduced latency to enter the dark side compared to the Shock-SR Veh, Shock-SR AM251 and Shock-SR URB + AM251 groups on Ret/Ext1 and Ext2. On Ext3, the Shock-SR AM251 group differed from the No Shock-SR Veh and Shock-SR URB groups ( * p < 0.05). d Representative schematic drawing of cannula tip positions in the CA1. A coronal view at position −4.30 and −4.16 mm posterior to bregma. e Representative schematic drawing of cannula tip positions in the BLA. A coronal view at position −2.12 and −2.30 mm posterior to bregma Experiment 3: the effects of URB597 administered systemically before hippocampal LTP induction in rats exposed to shock and reminders We examined the effects of exposure to shock and reminders on LTP in the CA1 (see Fig. 3a for study design). A three-way ANOVA with repeated measures [(Shock × SR × time (2 × 2 × 12)] on post-HFS EFPs amplitude (Fig. 3b) in the CA1 revealed a significant effect of shock (F (1,32) = 38.608, p < 0.001), SR (F (1, 32) = 104.547, p < 0.001) and interaction (F (1,32) = 13.674, p < 0.001). Post hoc analysis revealed a significant difference between the Shock-SR group to all other groups in amplitude (p < 0.05). This indicates that exposure to shock and SRs impaired LTP in the CA1. In addition, the No shock-SR group showed lower amplitude compared with the No shock-No SR and Shock-No SR groups (p < 0.05), suggesting an effect of SR exposure on CA1-LTP.
A three-way ANOVA with repeated measures on amplitude pre-HFS [shock × SR × time (2 × 2 × 6)] did not reveal any significant effects, suggesting a similar baseline between the groups before HFS was applied.
To examine the effects of stress and SRs on baseline synaptic activity, input-output measurements were taken. A three-way ANOVA with repeated measures [Shock × SR × stimulation intensity (2 × 2 × 5)] revealed a significant effect for stimulation intensity on amplitude (F (4,120) = 49.645, p < 0.001; Fig. 3c ). Yet, stimulation of the SC input into the CA1 with different stimulus intensities did not result in any other significant effects on basal EFPs suggesting no effect on baseline synaptic activity. Representative signal traces in the CA1 taken before and 1 h after HFS to the SC are shown (Fig. 3d) .
Next, we examined the effects of systemically enhancing and blocking the eCB system in rats exposed to shock and reminders on LTP in the CA1 (see Fig. 3e for study design). Post-HFS analysis (3 × 12) on CA1 EFPs amplitude (Fig. 3f) indicated a significant effect for group (F (3, 22) = 20.758, p < 0.001). Post hoc analysis revealed a significant difference between the Shock-SR URB group and the Shock-SR Veh and Shock-SR AM251 groups in amplitude (p < 0.05). These results demonstrate that systemic URB administered immediately after SR2 prevented the shock/SR-induced impairment in LTP.
To evaluate the effects of the drugs on CA1-LTP per se, with no stress exposure, we examined the effects of systemically enhancing (URB 0.3 mg/kg) and blocking (AM251 3 mg/kg) the eCB system on LTP in nonstressed rats (see Fig. 3g for study design). We used a high dose of AM251 (3 mg/kg) to block CB1r activation.
Post-HFS analysis (3 × 12) on EFPs amplitude (Fig. 3h ) indicated a significant effect for group (F (2,18) = 11.056, p < 0.001). Post hoc analysis revealed a significant difference between the Vehicle group and the URB and AM251 groups (p < 0.05). This suggests that injecting URB i.p. before HFS attenuated LTP in the CA1, and that the effects of URB on LTP per se is different than the effect observed in stressed rats.
Pre-HFS analysis (3 × 6) on EFPs amplitude did not reveal any significant effects.
Next we examined whether the effects of URB on LTP are CB1r-dependent using a low dose of the CB1r antagonist AM251 (0.3 mg/kg). Post-HFS analysis (3 × 12) on EFPs amplitude (Fig. 3i) indicated a significant effect for group (F (3,24) = 56.888, p < 0.001). Post hoc analysis revealed a significant difference between the No Shock-SR Veh group and all the other groups (p < 0.05), suggesting that AM251 blocked the effects of URB on LTP in the CA1 in stressed rats.
As a control experiment, drugs were injected 24 h after SR2 (see Fig. S3A for study design of the Shock-SR URB CA1 d6 group) or immediately after SR2 (see Fig. 3e for study design of the Shock-SR URB CA1 d5 group). Post-HFS analysis (3 × 12) on EFPs amplitude (Fig. S3B) indicated a significant effect of group (F (2,18) = 21.051, p < 0.001). Post hoc analysis revealed a significant difference between the Shock-SR Veh group and all the other groups (p < 0.05), suggesting that URB prevented the effects of shock and reminders on LTP in the CA1 when injected 24 h after the reminder.
Pre-HFS analysis (3 × 6) on EFPs amplitude did not reveal any significant effects. Experiment 4: the effects of URB597 administered systemically before BLA-LTP induction in rats exposed to shock and reminders We examined the effects of exposure to shock and SRs on LTP in the BLA (see Fig. 4a for study design) . Post-HFS analysis on EFPs amplitude (Fig. 4b) in the BLA revealed significant effects of shock (F (1,22) = 10.039, p < 0.01). Post hoc analysis revealed a significant difference between the Shock-SR group and the other groups (p < 0.05) indicating that the shock-SR group demonstrated higher potentiation levels.
Pre-HFS analysis on amplitude (2 × 2 × 6) did not reveal any significant effects.
When we examined baseline synaptic activity, a significant effect for stimulation intensity on amplitude was found (F (4,88) = 57.31, p < 0.001; Fig. 4c ). Yet, stimulation of the vSub input into the BLA with different stimulus intensities did not result in any other significant effects on basal EFPs suggesting no effect on baseline synaptic activity.
Representative signal traces in the BLA taken before and 1 h after HFS to the vSub are shown (Fig. 4d) .
Next, we examined the effects of systemically enhancing and blocking the eCB system in rats exposed to shock and reminders on BLA-LTP (see Fig. 4e for study design) .
Post-HFS analysis (3 × 12) on EFPs amplitude (Fig. 4f ) indicated a significant effect for group (F (2, 22) = 59.55, p < 0.001). Post hoc analysis revealed a significant difference between the Shock-SR Veh group to the Shock-SR URB and shock-SR AM251 groups (p < 0.05). Further, the Shock-SR URB group showed a significant difference in amplitude from the Shock-SR AM251 group (p < 0.05). Thus, URB prevented the effects of the shock/SR on LTP, whereas a high dose of AM251 (3 mg/kg) impaired LTP.
Pre-HFS analysis on amplitude pre-HFS (3 × 6) did not reveal any significant effects.
To evaluate the effects of the drugs on BLA-LTP per se, we examined the effects of systemically enhancing and blocking the eCB system on LTP in nonstressed rats (see Fig. 4g for study design). Post-HFS analysis using two-way ANOVA with repeated measures (3 × 12) on EFPs amplitude (Fig. 3h) indicated a significant effect of group (F (2,17) = 3.982, p < 0.05). Post hoc analysis revealed a significant difference between the Vehicle and the URB groups and the AM251 group (p < 0.05). Hence, injecting a high dose of AM251 (3 mg/kg) before HFS impaired LTP in the BLA.
Pre-HFS analysis on amplitude (3 × 6) did not reveal any significant effects.
Next we examined whether the effects of URB on BLA-LTP are CB1r-dependent using a low dose of AM251 (0.3 mg/kg). Post-HFS analysis (3 × 12) on EFPs amplitude (Fig. 4i) indicated a significant effect of group (F (3,24) = 13.898, p < 0.001). Post hoc analysis revealed a significant difference between the No Shock-SR Veh group and the Shock-SR Veh and Shock-SR AM groups (p < 0.05). Further, the Shock-SR Veh group was significantly different from the Shock-SR URB + AM group (p < 0.05). The results suggest that a low dose of AM251 (0.3 mg/kg) did not block the effects of URB on LTP in the BLA in stressed rats, and that the effects of URB on BLA-LTP in stressed rats is not CB1r-dependent.
When drugs were injected 24 h after SR2 (see Fig. S4A for study design), post-HFS analysis (3 × 12) on EFPs amplitude (Fig. S4B) indicated a significant effect for group (F (2,17) = 26.980, p < 0.001). Fig. 3 The effects of URB597 administered systemically before hippocampal LTP in rats exposed to shock and reminders. a A diagram illustrating the experimental design. Rats were exposed to shock or not on day 1 and to a situational reminder (SR) on days 3 and 5. Immediately after SR exposure on day 5, rats were anesthetized and taken for electrophysiological recording. HFS was induced 1 h after SR. b In the CA1, the Shock-SR group demonstrated significantly reduced amplitude levels compared to all groups post-HFS. The No shock-SR group showed reduced amplitude levels compared with the No shock-No SR and Shock-No SR groups post-HFS ( * p < 0.05). c Input-output curve: no significant differences between the groups were found in CA1 EFP amplitude after stimulation of SC input with different stimulus intensities. d Representative signal trace in the CA1 taken before (black line) and 1 h after (gray line) HFS to the SC (calibration: 0.5 mV, 10 ms). e A diagram illustrating the experimental design. Rats were exposed to shock or not on day 1 and to SR on days 3 and 5. Immediately after SR exposure on day 5, rats were anesthetized and taken for electrophysiological recording. Drugs were administered i.p. 30-40 min after SR. HFS was induced 1 h after drug exposure. f In the CA1, the Shock-SR URB group demonstrated significantly increased amplitude levels compared to all groups post-HFS ( 4 The effects of URB597 administered systemically before BLA-LTP in rats exposed to shock and reminders. a A diagram illustrating the experimental design. Rats were exposed to shock or not on day 1 and to a situational reminder (SR) on days 3 and 5. Immediately after SR exposure on day 5, rats were anesthetized and taken for electrophysiological recording. HFS was induced 1 h after SR. b In the BLA, the Shock-SR group demonstrated significantly enhanced amplitude levels compared to all groups post-HFS ( * p < 0.05). c Input-output curve: no significant differences between the groups were found in BLA EFP amplitude after stimulation of SC input with different stimulus intensities. d Representative signal trace in the BLA taken before (black line) and 1 h after (gray line) HFS to the vSub (calibration: 0.5 mV, 10 ms). e A diagram illustrating the experimental design. Rats were exposed to shock or not on day 1 and to SR on days 3 and 5. Immediately after SR exposure on day 5, rats were anesthetized and taken for electrophysiological recording. Drugs were administered i.p. 30-40 min after SR. HFS was induced 1 h after drug exposure. f In the BLA, the Shock-SR Vehicle group demonstrated significantly increased amplitude levels compared to all groups post-HFS. The Shock-SR AM251 group showed reduced amplitude levels compared to the Shock-SR URB group ( * p < 0.05). g A diagram illustrating the experimental design. Rats were anesthetized and taken for electrophysiological recording (no shock or SR). HFS was induced 1 h after drug exposure. h In the BLA, the AM251 group demonstrated significantly reduced amplitude levels compared to all groups post-HFS ( * p < 0.05). i The Shock-SR Veh and Shock-SR AM0.3 groups demonstrated enhanced LTP compared to the No Shock-SR Veh group. Further, the Shock-SR Veh group was significantly different from the Shock-SR URB + AM groups ( * p < 0.05)
Post hoc analysis revealed a significant difference between the Shock-SR Veh group and all the other groups (p < 0.05), suggesting that URB prevented the effects of shock and reminders on LTP in the BLA when injected 24 h after the reminder. Pre-HFS analysis (3 × 6) on EFPs amplitude did not reveal any significant effects.
Experiment 5: the effects of exposure to trauma and reminders on endocannabinoid content and hydrolytic enzyme activities in the hippocampus and amygdala We examined eCB content following exposure to shock and SRs (see Fig. 5a for study design). We used two-way ANOVA [(Shock × SR (2 × 2 × 2)] on eCB content in the CA1, BLA, and serum.
In the CA1, significant effects were found of shock (F (1,36) = 4.768, p < 0.05), SRs (F (1,36) = 4.193, p < 0.05) and interaction (F (1,36) = 4.309, p < 0.05) on 2-AG content (Fig. 5b) . Post hoc revealed a significant difference between the Shock-SR and the other groups (p < 0.05).
In the BLA, no significant effects for 2-AG were found of shock, SR or interaction (Fig. 5c) .
In serum, a significant effect of SR (F (1,36) = 14.447, p < 0.001) on 2-AG content was found suggesting that exposure to SRs decreased 2-AG content (Fig. 5d) .
In the CA1, AEA content analysis revealed a significant effect of SR (F (1,36) = 6.393, p < 0.05), with no effect of shock or interaction, indicating that exposure to SR increased AEA content (Fig. 5e) .
In the BLA, AEA content revealed a significant effect of SR (F (1,36) = 11.064, p < 0.01) and interaction (F (1,36) = 4.501, p < 0.05) with no effect of shock (Fig. 5f) . Post hoc revealed a significant difference between the No shock-No SR group and the other groups (p < 0.05).
In serum, AEA content revealed a significant interaction (F (1,36) = 4.199, p < 0.05) with no effect of shock) or SR. Post hoc tests revealed a significant difference between the Shock-SR and No Shock-SR group (p < 0.05; Fig. 5g) .
In a different set of rats, eCB enzyme assays were performed following exposure to shock and SRs (see Fig. 5a for study design). We used two-way ANOVA [(Shock × SR (2 × 2)] on FAAH and MAGL activity in the CA1 and BLA.
In the CA1, significant effect of shock (F 1,28) = 4.229, p < 0.05) was found with no effect of SR or interaction on FAAH activity (Fig. 5h) .
In the BLA, a significant effect of SR (F (1,37) = 4.043, p = 0.05) was found with no effect of Shock or interaction (Fig. 5i) .
In the CA1, no significant effects were found on MAGL activity (Fig. 5j) .
In the BLA, a significant interaction was found (F (1,36) = 6.243, p < 0.05) with no effect of Shock or SR. Post hoc revealed a significant difference between the Shock-SR and Shock-No SR group (p < 0.05) (Fig. 5k) .
When rats were decapitated 24 h after exposure to SR, no differences were observed in eCB content or activity (data not shown). Fig. 5 The effects of exposure to shock and SRs on endocannabinoid content and hydrolytic enzyme activity. a A diagram illustrating the experimental design. Rats were exposed to shock on day 1 and to SR on days 3 and 5. Hundred minutes after SR exposure on day 5, rats were decapitated (i.e., overlapping the time in which HFS was delivered). b In the CA1, the Shock-SR group demonstrated increased 2-AG levels compared to the other groups ( * p < 0.05). c In the BLA, no significant effects for 2-AG were found. d In serum, exposure to SRs decreased 2-AG content ( * p < 0.05). e In the CA1, exposure to SRs increased AEA content ( * p < 0.05). f In the BLA, exposure to shock and/or SRs decreased AEA content ( * p < 0.05). g In serum, the Shock-SR group demonstrated decreased AEA levels compared with the No shock-SR group ( * p < 0.05). h In the CA1, exposure to Shock increased FAAH activity ( * p < 0.05). i In the BLA, exposure to SRs increased FAAH activity ( # p = 0.051). j In the CA1, no significant effects for MAGL activity were found. k In the BLA, the Shock-SR group demonstrated decreased MAGL activity compared with the Shock-No SR group ( * p < 0.05)
DISCUSSION
The main findings of this study are that URB597 administered systemically or into the CA1 or BLA prior to extinction attenuated fear and this effect persisted throughout extinction training and did not recuperate during spontaneous recovery (see Table 1 ). URB597 attenuated fear when administered before extinction, regardless if it was paired (immediately after SR2) or unpaired (24 h after SR2) with exposure to the reminder (i.e., reactivation of the memory trace). This suggests that extinction, rather than reconsolidation, is the predominant process in the fear attenuating effects of URB597 observed here. Exposure to shock and reminders induced behavioral metaplasticity (impaired CA1-LTP and enhanced BLA-LTP) (see Table 2 ). Systemic administration of URB597 immediately or 24 h after the second SR prevented the shock/SR-induced impairment in CA1-LTP and the enhancement in BLA-LTP. This metaplasticity modulation by URB597 is further supported by the differential effects of URB on plasticity in nonstressed rats; rats administered with URB, with no previous exposure to shock and reminders, demonstrated impaired CA1-LTP, but not BLA.
When measuring eCB content after SR, exposure to shock and SRs increased 2-AG and AEA levels in the CA1 and reduced AEA serum and BLA levels. When eCB catabolic enzyme activity was measured, exposure to shock (with or without exposure to SRs) increased FAAH activity in the CA1 and BLA. In the BLA, MAGL activity was reduced in rats exposed to shock and SRs compared to the No shock-SR group.
Taken together, the results suggest that exposure to shock and reminders induced alterations in eCB content and activity that could affect BLA-CA1 function to promote an enhanced fear response and that URB597 administered to stressed rats before extinction abolishes the fear response, perhaps by affecting metaplasticity in the BLA-CA1 circuit. This is supported by the fact that both the impairment (CA1) and enhancement (BLA) in LTP levels are normalized with URB; hence, the effect of URB is not to erase but to modulate fear-related memory.
Fear retrieval and extinction URB597 abolished (BLA) or attenuated (CA1, systemic) fear and that these effects were CB1r-dependent. Similarly, AM404, an inhibitor of eCB breakdown and reuptake, and the FAAH inhibitor M3506 enhanced extinction and decreased shock-induced reinstatement of fear [26, 27] . Also, URB597 (0.1 mg/kg) was found to enhance extinction consolidation and to restore normal social behavior in traumatized rats [28] .
In the BLA, URB597 decreased latency levels to baseline, which could suggest that URB597 abolished the fear response, but we cannot rule out the possibility of other non-specific effects such as a state dependent effect of the drug on performance. Yet, in the following days there was no recovery of the fear response.
We demonstarted the critical role of the eCB system in the BLA and CA1 in these poststress effects here and in previous studies [6, 13] . However, as we have previousely shown, other brain regions may be critically involved (i.e., PFC, NAc, and insular cortex; see: [29] [30] [31] ). Specifically, we have recently found that intra-NAc administration of WIN55,212-2 (5 µg/side) facilitated fear extinction in the shock and reminders model for PTSD [29] . Furthermore, although beyond the scope of the current paper, future work should also examine whether cannabinoid agents administered into the PFC prior to fear retrieval, would facilitate extinction.
Plasticity
Exposure to shock and reminders induced behavioral metaplasticity supporting our previous study [6] . Impaired hippocampal plasticity may relate to the impairment in general declarative memory function and in explicit information about the trauma [32] . Increased BLA activation/plasticity is associated with fearrelated symptoms in PTSD patients and heightened emotionality in rodents [33, 34] .
The eCB system modulates the activation and sensitivity of the hypothalamic-pituitary-adrenal (HPA) axis [35] . Specifically, disrupting eCB signaling increases the activity of the HPA axis [36] , whereas enhancement of eCB signaling inhibits the stress response by attenuating stress-induced HPA-axis activity (for review see [37] ). Cannabinoid agonists administered following stress reduce the stress-induced activation of the HPA axis, such as corticosterone secretion [36, 38, 39] .
The release of glucocorticoids following stress was found to impair hippocampal plasticity [40] . The hippocampus is sensitive to stress-related atrophy resulting from the stress hormone cortisol acting on glucocorticoid receptors (GRs) [41] , and GR activation in the hippocampus was shown to activate eCB synthesis and inhibit GABA release [42] .
The CA1/subiculum projection to the amygdala is NMDAdependent [43] . Glucocorticoids released following stress induce changes in glutamate neurotransmission in the hippocampus and amygdala, thereby influencing some aspects of cognitive and emotional processing [44] . It seems that exposure to severe stress may tilt the balance in favor of greater excitation in the BLA (i.e., greater NMDA receptor-mediated synaptic responses and reduced GABAergic inhibitory tone), which may render the BLA hyperresponsive to subsequent emotional experiences.
The anxiolytic effects of FAAH inhibitors are thought to derive from CB1-mediated suppression of glutamatergic versus GABAergic signaling [4] . It has been shown that CB1 deletion on glutamatergic terminals reversed the anxiolytic effects produced by low-dose administration of a CB1 agonist, while CB1 deletion on GABA forebrain neurons did not [45] . Moreover, FAAH inhibition was found to attenuate the stress-induced increase in amygdalar glutamatergic transmission [46] . The central amygdala has an excitatory role in HPA-axis activity and plays an integral role in the expression of fear responses. ECB signaling suppresses afferent glutamatergic transmission onto central amygdala neurons, which could represent an important synaptic mechanism regulating stress response 
The table summarizes the effects of URB597 on fear retrieval and extinction in stressed rats. When URB597 was paired with SR or injected 1 h before fear retrieval it facilitated extinction. BLA basolateral amygdala; SR situational reminder; URB URB597). The table summarizes the effects of URB597 on LTP in stressed rats. When URB597 was injected 1 h before HFS, LTP levels were intact. HFS highfrequency stimulation; SR situational reminder; URB URB597).
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physiology and anxiety-like behaviors; indeed, FAAH inhibition caused a CB1-dependent synaptic depression of glutamatergic transmission [47] . Inhibition of glutamatergic drive to locally targeting somatostatin-expressing GABAergic neurons would disinhibit central amygdala projection neurons and, in turn, inhibit central amygdala activity, thereby reducing anxiety and fear responses. Thus, enhancing cannabinoid signaling may attenuate the stress-induced elevations in glutamatergic transmission, which will reduce anxiety-like effects. Others have suggested that CB1 activation in the BLA enables the effects of glucocorticoids on the consolidation of aversive memory [48] . When AM251 was injected systemically to naïve rats, LTP was impaired in both CA1 and BLA. In the CA1, there was probably a floor effect (i.e., LTP levels were already impaired in the shock/SR group). When URB597 was injected systemically to naive rats, LTP was attenuated in the CA1 and intact in the BLA. This corroborates a previous study demonstrating that the effects of cannabinoid agonists on plasticity and behavior are different when administered alone or with stress exposure [49] . In the BLA, AM251 did not block the effects of URB597 on LTP in stressed rats, suggesting that URB597 effects on BLA-LTP after stress are not mediated via CB1 receptor, but via other receptors (e.g., TRPV1).
ECB content and activity
We have previously shown that exposure to shock and reminders upregulated CB1r in the BLA and CA1 [6] . As URB increases AEA levels by inhibiting FAAH, we aimed to examine whether exposure to shock and reminders also affects eCB content and activity in the BLA and CA1. Kathuria et al. [10] have shown a significant reduction in FAAH activity 25 min-6 h after a single injection of URB (0.3 mg/kg). As rats exposed to trauma and reminders demonstrate a deficiency in AEA levels, this might provide support to the stresspreventing effects of URB597, that increases AEA availability.
Exposure to the second SR enhanced 2-AG levels in the hippocampus of rats exposed to shock, in agreement with other findings demonstrating that stress increases 2-AG content, perhaps as a result of increased central nervous system glucocorticoid receptor activation [42] . MAGL activity was unchanged in the CA1, which is consistent with increased synthesis as a results of GR activation. There was no effect on 2-AG content in the BLA, supporting studies showing a relative insensitivity of BLA 2-AG content to stress exposure [50] . Interestingly, however, shock exposure itself decreased MAGL activity in the BLA, but this change did not impact total 2-AG tissue contents. It is possible that synaptic 2-AG is increased in response to shock exposure. Serum 2-AG levels were reduced in rats exposed to shock, SRs or both, compared to the no shock-no SR (i.e., control) group. This finding is interesting in light of data that circulating 2-AG concentrations in humans with PTSD are reduced compared to those without [51, 52] .
These data corroborate previous finding that 30 min exposure to restraint stress in rats produced an increase in hippocampal 2-AG content [42] , but not within the amygdala [50] . Although in another PTSD model, predator threat triggered long-term changes in amygdala 2-AG levels [53] . It has been suggested that 2-AG elevation following stress may contribute to the termination of the stress response by affecting glucocorticoid-mediated negative feedback habituation to repeated exposure to homotypic stressors [36, 54] .
Exposure to the second SR increased AEA levels in the CA1 and decreased serum and BLA AEA levels in rats exposed to shock. Several studies suggest that reduced AEA-BLA levels may result from an increase in corticotropin-releasing factor)CRF) signaling [39, 46, 50, 54, 55] . CRF, acting through CRF receptor 1 (CRFR1), elevated AEA as a result as a transient inhibition of FAAH activity in the BLA [55] . Shock and SR reduced FAAH activity, which is consistent with this hypothesis. On the other hand, AEA contents in the amygdala and hippocampus are increased following glucocorticoid administration in the absence of stress [56] . Thus, it appears that AEA contents can be altered in both directions following stress.
In general, it has been suggested that there is a deficiency in eCB content (and in particular AEA) in PTSD patients that could explain the therapeutic value in using cannabinoid agonists [15] . Specifically, FAAH inhibition was found to increase brain AEA levels and to diminish anxiety-like responses following stress [27, 57] . Within the BLA, stress increased FAAH activity and decreased AEA content were found [58] . It has been shown that intra-BLA FAAH inhibitor attenuated activation of the HPA axis in response to stress, suggesting that a reduction of AEA tone within the BLA contributes to activation of the HPA axis [58] . In our study, the pattern of changes in AEA and 2-AG serum content is opposite to the pattern of changes in the CA1; this suggests that AEA and 2-AG concentrations in the serum are stress-sensitive but could be coming from a different source.
Summary
Targeting the eCB system before extinction may be beneficial in fear memory attenuation and may have a translational value in facilitating exposure therapy. 
